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The van der Waals vibrations of Ar-benzene are calculated from two different intermolecular 
potentials, which are analytic fits to the same ab initio potential. The rovibrational 
Hamiltonian was derived earlier; the wave functions of the large amplitude vibrations are 
expanded in products of harmonic oscillator functions. The rotational structure of each van der 
Waals state is obtained from perturbation theory, as well as from variational calculations 
of the complete rovibrational states for 7 = 0 ,  1, and 2. The degenerate bending modes and 
combinations have a large vibrational angular momentum; for their rotational structure 
it is important to include all first, second, and higher order rovibrational (Coriolis) coupling. 
The calculated vibrational frequencies, the information about rovibrational coupling, and the 
P I(C 6t;) selection rules for van der Waals transitions, in combination with the vibronic 60 
transition on the benzene monomer, lead to a partially new assignment of the three van der 
Waals sidebands observed in high resolution UV spectra.
I. INTRODUCTION
As a prototype system for studying the binding be­
tween aromatic molecules and other nonpolar species, the 
Ar-benzene complex has been the subject of detailed spec­
troscopic studies. An extensive survey of these studies is 
given in the recent thesis of Weber. 1 Here, we will refer 
only to those investigations which involve explicitly the 
intermolecular or van der Waals vibrations, because it is 
these motions that probe directly the intermolecular poten­
tial surface. Three such van der Waals transitions have 
been observed in molecular beam spectra by Menapace and 
Bernstein. More recently, they have been measured by 
Weber et al. 1,3 with a much higher resolution that reveals 
their rotational structure. In both (U V ) spectra, the van 
der Waals modes are excited in combination with the 60 
vibronic transition of the benzene monomer. The assign­
ment of these van der Waals transitions is still debated.1-3
Earlier theoretical studies of the van der Waals vibra­
tions in Ar-benzene have been made by Brocks and Huij- 
gen4 and by Brocks and van Koeven .5 The representation 
of the vibrational wave functions in these two studies is 
completely different, but both calculations are based on the 
same empirical atom-atom Lennard-Jones potential6 and 
they yield the same vibrational frequencies. Recently, there 
have been ab initio calculations on the Ar-benzene poten­
tial surface7 and these have led to two different analytical
o  o
forms, fitted to the ab initio data points. Bludskÿ et al. 
have used these forms to calculate the frequencies of the 
van der Waals vibrations f o r / = 0 ,  i.e., without considering 
the overall rotation.
Q
In the present paper, we use the same analytical fits to 
the ab initio potential, but a more general form of the 
rovibrational Hamiltonian, derived for this type of dimer 
by Brocks and van Koeven .5 This form is also valid for
a) Visiting Miller Research Professor, University of California at Berkeley.
J>  0, so it permits the inclusion of the overall rotations and 
their (Coriolis) coupling with the van der Waals vibra­
tions. Especially for the degenerate bending modes this is 
essential, since these modes possess a large vibrational an­
gular momentum. This leads already in first order to Co­
riolis coupling with the overall rotations and, thereby, to a 
different rotational structure of the bands that correspond 
to such degenerate van der Waals modes. The perturba- 
tional formalism that Brocks and van Koeven5 used for the 
rotational constants is extended in order to account for this 
phenomenon. In additional calculations for 7 > 0  the Cori­
olis coupling is taken into account variationally. Further, 
we use the permutation-inversion symmetry of the system 
to derive the selection rules for the pure van der Waals 
rovibrational transitions, as well as for the combinations of  
these transitions with the 60 vibronic transition of benzene. 
Also the Coriolis coupling of the vibronic angular momen­
tum with the angular momentum of the (degenerate) van 
der Waals vibrations and with the overall rotations is con­
sidered. Finally, we compare the calculated results with the 
observed spectra1-3 and discuss the vibronic assignment of 
the latter.
II. THEORY 
A. The rovibrational Hamiltonian
The Hamiltonian and the basis used in this paper for 
expanding the wave functions of the van der Waals vibra­
tions have been described in detail by Brocks and van K o­
even.5 Here, we derive their Hamiltonian in a different 
manner and describe the extensions necessary to handle the 
vibrational angular momentum of degenerate states. Coor­
dinates are defined with respect to a body-fixed (BF) frame 
that has its origin at the center of mass of the Ar-benzene 
dimer. The axes of this frame are chosen parallel to the 
principal inertia axes of the benzene monomer, in a given 
vibronic state. The BF z axis is parallel to the benzene C6
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axis; the x axis is parallel to the line that connects the benzene monomer, whereas in the BF coordinates, a
(average) positions of the two opposite carbon atoms Cj 
and C4. The overall rotations of the dimer are described by
change in a, ß , or y  rotates the BF frame and, therewith, 
the whole dimer. Hence, the derivatives on the left-hand
the Euler angles a, ß, and y, which define the orientation of side of Eq. (4) occur in the components of j, whereas the
the BF axes by the rotation R(a,ß ,y)  =  Rz{ a ) R y( ß ) R z(y)  
with respect to a space-fixed (SF) frame. The angles ß  and 
a  are the polar angles of the BF z axis in the SF frame, y  
is the angle of rotation about this z axis, and we define the 
rotation matrices such that Æ ,(a) j2=  —sin a  and Ry( ß ) 3, 
=  — sin ß. The van der Waals vibrations are described by 
the Cartesian components d = ( d xfdyidz) of the vector that 
points from the benzene center of mass to the argon nu­
cleus. These components can be defined with respect to the 
BF frame or with respect to the SF frame and they are 
related by
dBF Rr(a,/3,r)dSF ( 1)
// ^  ^  6 u ^ j  ' 
j ,k  o a k
( 2 )
The overall angular momentum is defined with respect to 
the SF frame as JSF= jSF +  lSF.
We prefer to work with the BF coordinates, since the 
intermolecular potential is most easily given as Kint(dBF) 
and the van der Waals vibrations of the dimer can be sep­
arated (approximately) from its overall rotations. While 
the transformation of d is simply given by Eq. ( 1 ) and it 
follows easily from Eq. (2) that the components of 1 trans­
form analogously
1BF Rr(a,j8,r)lSF (3)
the corresponding transformations of j and J are less ob 
vious. One should realize that, for instance,
d SF a BF
da da + I
dd\BF d
d c T d d ^
because the BF components of d are functions of the Euler 
angles a, ß , and y. By substitution of Eq. ( 1 ) and differ­
entiation of R{a,ß,y)  with respect to a, ß , and y  one finds 
the following relations:
ifi
d SF
da
ifi
d BF
da
+  sin ß  cos y  IBFX
sin ß  sin yl BF cos ßl BFz »
ifi
d SF
dß
aj
d BF
(4)
dß
sin yl BF cos ylBFy 1
Further, one should realize that, in the SF coordinates, a 
change of the Euler angles a, ß, or y  rotates only the
corresponding derivatives on the right-hand side occur in 
J. By the substitution of these derivatives into the well- 
known expressions'^ for the SF components of j and the BF 
components of J in terms of Euler angles, it follows that
JBF R T(a,ß,y)} SF JB F __jB F (5)
A more formal derivation of this relation may be given by 
the proof that the operator JBF= j BF + lBF generates the 
overall rotations of the dimer. Finally, we note that, in the 
BF frame, 1 and J commute
[ j B F  j B F ] = 0 . (6)
Further, one must define the angular momentum j of the 
benzene monomer, the orbital angular momentum 1 of the 
Ar atom, and the overall angular momentum J. The ex- nates, 
plicit expressions for j in terms of the Euler angles are 
given in Ref. 9 and the Cartesian components of 1 are 
defined with the aid of the Levi-Civita tensor eijk as
After these preparations it becomes almost trivial that the 
Hamiltonian for the dimer motions reads, in BF coordi-
H
2(i
V2(dBF)+ X
i=x,y,z
/?F)2+Ki,„( dBh).BFint
(7)
The first term corresponds with the relative translational 
motion of the monomers; /i = m M /{ m  + M )  is the dimer 
reduced mass (m  is the mass of argon and M  the mass of  
benzene). The operator V2 is a rotational invariant; we 
choose to express it with respect to the BF frame. The 
second term is obtained by the substitution of Eq. (5) into 
the usual Hamiltonian of a rigid rotor expressed in its prin­
cipal axes frame; the Aj are the rotational constants of the 
benzene monomer. From here on we will exclusively work 
with BF coordinates and suppress the corresponding label.
Brocks and van Koeven5 started their derivation from 
a Watson Hamiltonian10 for the Ar-benzene dimer, which 
includes the internal motions of the benzene monomer. 
These motions are described by the vibrational normal co­
ordinates (Qm; m = 1,...,30). By averaging this Hamil­
tonian over the fast benzene monomer vibrations they ar­
rived at the same Hamiltonian as Eq. (7) for the dimer 
motions, for a given vibrational state of the benzene mono­
mer. Note that their definition of the BF components of J 
differs from ours by a minus sign. The Watson Hamil­
tonian10 contains linear and quadratic terms in the vibra­
tional angular momentum II, which is a function of the 
normal coordinates Qm and their conjugate momenta. 
When averaged over the monomer vibrations the terms 
quadratic in n  become constants. Brocks and van Koeven5 
assumed in their derivation that the terms linear in II van­
ish, because this operator is Hermitian and purely imagi­
nary. This is true for nondegenerate vibrational states of 
the benzene monomer, but for degenerate states (as we 
shall deal with, later in this paper) we must retain the 
following cross terms in the rovibrational Hamiltonian of  
Ref. 5:
(8 )
/ =  x,y,z i =  x,y,z
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These terms couple the vibrational angular momentum of 
the degenerate benzene monomer vibrations with the over­
all rotations and with the angular momentum of the van 
der Waals vibrations.
Finally, H  may be split into a purely vibrational 
Hamiltonian
H
ft
vib 2fi
V2(d )+  lA f i+ V mt{ d), (9)
which is independent of J, and a rovibrational part
H rovib ( 10)
Brocks and van Koeven3 proposed to calculate first the 
eigenfunctions of H  for J=  0, i.e., the eigenfunctions of 
/ / vib, and then to include # rovjb by perturbation theory.
B. van der Waals vibrations
In the ab initio potential7 and, hence, in the analytic 
fits from Ref. 8, the equilibrium structure of the Ar- 
benzene dimer corresponds to dL =  (0,0,Æt>), i.e., with the 
argon atom on the benzene C6 axis. Since the van der 
Waals bond is weak, the dimer vibrations have large am­
plitudes and may be strongly anharmonic. We have not 
even tried to calculate their frequencies in the harmonic 
limit, with the force constants from the equilibrium geom­
etry. Still, we may compare our anharmonic vibrational 
states IN) to the harmonic ones, in order to assign approx­
imate quantum numbers and to express more explicitly the 
mixing of the various modes. According to the convention 
for symmetric top systems, the harmonic states are not 
labeled by the quantum numbers N ={nx,nr nz}, but rather 
b y  N={nJ,nz}.
If one substitutes Eq. (2) for the components of 1, the 
pure vibrational Hamiltonian in Eq. (9) can be rewritten 
as follows:
1 ^
H,.ib= -  L p g , P ) + v mM)>
1  Uj
( ID
where pi——i ^ i are the momenta conjugate to dj (/ 
=x,y,z), and the effective inverse inertia tensor g is given
by
8 i i  —  f1  1 +  2  X
JM
ijk I Ajd b
( 12)
g i j  =  —  2  X  16  ijk 14  k d j d j .
k
If one then writes d =  dt’-|-(x,y,z) and substitutes dl 
=  (0,0,Æt,), it follows directly that / / vib is identical to the
Q
Hamiltonian used by Bludskÿ et al.
The eigenfunctions of Hvlb are expanded in a basis of 
products of harmonic oscillator functions:
r^nax m^ax mmax
< M d ) =  I I I  C[^Kk(dx) L,(dv)Mm(dz),
k =  0 / = 0  m =  0
(13)
with
Kk(dx) = N k ex p (-jYLxx2)Hk(y,xx),
x = dx-dex, Yx 1/2
(14)
and analogous expressions for L/ and M m. The functions 
Hk are Hermite polynomials, with the normalization fac­
tors Nk=y\n {7TW12kk\) 1/2, /i is the reduced mass of the 
van der Waals dimer as defined below Eq. (7),  and cox, cop 
coz are harmonic oscillator frequencies. In this case, cox, cor  
and coz are variational parameters that may be optimized in 
order to minimize the number of basis functions required 
to reach convergence. The harmonic oscillator functions 
are centered at de. If / / vib were harmonic, it would be di­
agonal in this basis. The matrix elements of the (anhar­
monic) kinetic energy operator are calculated analytically 
by expressing this operator in terms of creation and anni­
hilation operators.11 The matrix elements of the potential 
energy operator are computed numerically with Gauss- 
Hermite integration.
C. Rotational levels
For nondegenerate van der Waals states the Coriolis 
coupling term —2 ' l iAiltJi has a vanishing first order con­
tribution. In second order perturbation theory5 it contrib­
utes to an effective rotational Hamiltonian for each van der 
Waals state |Ar)
H (N)
1
rot 2
(15)
‘J
with
u{N)r i^j
(N\ h\N')(N' I lj\N)
En—EN‘
(16)
in which the first term originates from the pure rotational 
(the first) term in Eq. (10).
For degenerate states the formalism of Brocks and van 
Koeven5 has to be generalized. Such degenerate states oc­
cur in the fundamental bending mode, with n=  1 and 
/ = ± 1  in the harmonic limit, and in its overtones and 
combinations. For harmonic vibrations / is the exact eigen­
value of the operator /, defined by Eq. (2).  But, as follows 
directly from the permutation-inversion symmetry (see 
Sec. Il l ) ,  the bending mode and some of its overtones and 
combinations remain twofold degenerate, even when they 
are strongly anharmonic. We will show, by using first and 
second order perturbation theory, that the rovibrational 
energies for a degenerate state | N) can be written as
En+ B(N)J{J+  1 ) + (A(N)- B lN) )K2 1A1[N)K,
(17)
where K is the projection of J on the dimer z axis. We will 
derive the explicit perturbational expressions for the rota­
tional constants B(y\ A(‘v\ and for the splitting parame­
ters f (‘V).
First, one has to observe that for the twofold degener­
ate (anharmonic) bending state, in a real basis, the oper­
ator lz has only off-diagonal components. Diagonalization 
of lz yields a complex two-dimensional basis for the bend­
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TABLE I. Symmetry group operations on the BF coordinates.
P I (C * )
Equivalent 
BF frame 
rotations
Equivalent 
point group 
operations
Euler
angles d.r> dyt dz
E * ( 0 ) E a, ß, r d xi dyt d2 1 1 1 1
(123456) R ZW  3) Q a, (3, 7'+77-/3
(135)(246) Rz(2it/3 ) c 3 a, ß , Y+  2tt/3 — idx+'^ftdy, —i ^ d x —jdy, dz
(14)(25)(36) Rz( ir) c 2 a, ß , Y+  77- — d ^  —d^ u ,X* P 2
(26)(35)* Ry(rr) a, ß + i t, - y d.r> dy, d2
(14)(23)(56)* Rx( 7T) °d a, ß + n ,  7T—y d2
ing state that corresponds to the 1= ±  1 states in the har­
monic limit. Due to some admixture of higher harmonic 
states with 1= ±  1 (mod 6 ) the expectation values (lz) are 
nearly, but not exactly, equal to ±  1. The matrix elements 
of lx and Iv vanish exactly. So, in such a complex two- 
dimensional basis, which can be constructed for all the 
twofold degenerate states with / =  ±  1 ( £ ,  symmetry) and 
l = ± 2  {E2 symmetry), the Coriolis coupling operator 
— lltjAjl/Jj is diagonal. In first order it leads to a coupling 
term =f2Az \l \K  between the vibrational angular momen­
tum (L) =  db I / 1 and the overall rotation. In second order,
one may use Eq. (1 6 )  to compute the effective rotational 
Hamiltonian in Eq. ( 1 5 ) ,  for each of the two components 
(Af, dt ) of a twofold degenerate state N. One must realize, 
however, that the corresponding wave functions ( N ,± )  
are complex, so that the effective inverse inertia tensor
is complex too. Since it is a Hermitian matrix, its 
real part is symmetric and it is the same for both substates 
( ±  ). Diagonalization of this part yields the effective rota­
tional constants of the dimer in state N. Its imaginary part 
is antisymmetric, lm[jiij] = a n d  it satisfies the 
relation Im|/i-yV’+)] =  — Im[/i/jv,_)]. Substitution of this re­
sult into Eq. (1 5 )  and use of the commutation relations for 
the BF components of J
W j ] ifi X  6 ijkJk
k
(18)
shows immediately that the imaginary part of /X/jV,±) gives 
rise to terms that are linear in Jx, Jy, and Jv i.e., to second 
order corrections of the nonvanishing first order Coriolis 
coupling.
In fact, due to the symmetry of the Ar-benzene sys­
tem, the real part of jujf,=fc) is diagonal, and ( 1/ 2 ) 
X / 4 f  =  ( l / 2 ) / i ^ ) =  B w  and ( 1 / 2 ) ^ ' )= A {N) are the 
effective rotational constants of the dimer in state N. Fur­
thermore, Im[/i_vv] =  — lm \jivx] is the only nonvanishing 
off-diagonal term, so that the effective Coriolis coupling 
between the vibrational angular momentum of a degener­
ate van der Waals state ( N, ±  ) and the overall rotations, in 
first and second order, is
=F (AO l \+ ( 4 A z)~ '  Im[#i<*+ ) ].
(19)
Note that | / 1 is nearly, but not exactly, equal to the integer 
values 1 or 2 (for the lower states of E x and E 2 symmetry). 
Thus we obtain Eq. (17) for the rovibrational energies of 
state N. For nondegenerate van der Waals states £ (A)= 0 .
Another interesting feature occurs for the van der 
Waals states of B x and B2 symmetry (see below). These 
states are equal mixtures of / =  + 3  and / =  — 3 states. They 
occur in nearly degenerate B x, B2 pairs, because these 
states are split only by anharmonic terms in the potential 
of sixth and higher order in dx and d v. It will be observed 
further on that there is a Coriolis resonance between these 
nearly degenerate states, which pushes their energies apart. 
This is reflected by anomalous values of the effective rota­
tional constants A (A).
In the present study, the rotational levels of the van der 
Waals states considered have also been calculated varia- 
tionally. The basis states in these calculations are products 
of the eigenstates of H vib, Eq. (9 ) ,  with symmetric rotor 
states \J,K,M) for given J, M , and K =  — J ,— J +  1,...,/. 
The only off-diagonal term in the rovibrational Hamil­
tonian is the second term in Eq. (10), i.e., the Coriolis 
coupling operator. The matrix elements of /, over the eigen­
states of / / vib are calculated as before, with the use of lad­
der operators.11 The matrices of the operators Jxi Jyn and Jz 
in the symmetric rotor basis are well known and easily 
calculated. A secular matrix of dimension A^  x X ( 2 7 +  1 ),
where N max is the number of eigenstates of i / vib, is diago- 
nalized to obtain the rovibrational levels. These may be 
compared with those obtained from Eq. (17), in which the 
effective rotational constants are calculated perturbation- 
ally.
. SYMMETRY, SELECTION RULES
The symmetry group13 of the Ar-benzene dimer which 
holds in the case of anharmonic large amplitude motions of  
the Ar atom, is the permutation-inversion group P I(C 6ü). 
This group is isomorphic to the point group C6u, which is 
applicable in the harmonic limit. If the Ar atom could 
tunnel from one side of the C6H 6 plane to the other, the 
symmetry would be even higher, PI(Z)6/l), but the calcu­
lations by Brocks and Huijgen4 show that this tunneling is 
negligible. Experimentally there is no sign of such tunnel­
ing splittings either. The effect of the elements of PI(C 6y) 
on the BF coordinates defined in Sec. II A is shown in 
Table I. The equivalent rotations13 and the effects of the 
C6v point group operations are given too. The van der 
Waals vibrational states and the rotor states adapted to the 
irreducible representations (irreps) of PI(C 6ü) are listed in 
Table II, with their nuclear spin statistical weights.
The electric dipole operator can be written as follows
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TA B LE II. Symmetry adapted rotational and vibrational basis.
P I (C 6w)
irrep
Statistical“
weight Rotor basisb K  (mod 6)
Vibrational 
(harmonic) 
basis 1 n,l,nz) / (mod 6)
Ai 10 K M ) 0 i / > + i - / > 0
10 K M ) 0 | / > - 1 - / > 0
14 K M ) 3 1 /> +  ! - / > 3
Bi 14 K M ) 3 1 / > - ! - / > 3
Ei 22 1 J,K,M) dh 1 1D ± 1
E ,ém 18 1 J ,K M ) ± 2 10 ± 2
‘For the complete rovibrational states.
b\J,KM) = DtfK{a,ß,y)*.
fxSFH'm
BF
(20)
r r
where n m are its (spherical) components with respect to
n  p
the laboratory (space fixed) frame, fik its components 
with respect to the BF frame of Sec. II A, and the functions 
D„l are Wigner rotation functions14 of the Euler angles 
that define the orientation of the BF frame. The dipole
BFcomponent fj,0
the A i representation, the perpendicular components >
BF , BFand [d
d )  i— q
R F, parallel to the symmetry axis carries
BF
±i
(or f i”r /x“r ) the E j representation. Via Eq. (20) and 
the appropriate symmetries of the functions D ^ l  for k 
and k = ±  1 (A2 and E x; see Table II), it follows that each 
component of  ^ tSF carries the antisymmetric representation
A 2 of P I (Q j .
The selection rules can be directly obtained from the 
multiplication table of the irreps of PI(C 6u), but, as de­
scribed in Weber’s thesis, 1 they can also be related to the 
vibrational (/) and rotational (K ) angular momentum 
about the symmetry axis. For anharmonic vibrations / is 
not an exact quantum number, but the PI(C 6„) symmetry 
holds and the wave functions, which carry irreps of this 
group, can still be labeled with effective / values close to 
integers (see Sec. II C). For transitions in the far-infrared 
region the relevant quantum numbers are / and K. Transi­
tions that do not change K  are caused by the parallel dipolenr?
component fi0 ; the initial and final wave functions must 
have the same symmetry in their vibrational part, while the 
product of their rotational wave functions must carry the 
A2 representation. Transitions with A A ^ i l  are perpen­
dicular; both the product of their vibrational parts and the 
product of their rotational wave functions must carry the 
E j representation.
In the observed UV spectra, 1-3 the van der Waals vi­
brations are excited in combination with the 6q vibronic 
transition on the benzene monomer. This transition excites 
the electronic ground state 5*0 to an S l state, in combina­
tion with the v6 vibration of benzene. The S, state has B2u 
symmetry under the PI(Z>6/j) group of the free benzene 
monomer, the v6 mode has E lg symmetry. In the A r-  
benzene complex, with the coordinate system defined in 
Sec. II A and the symmetry group PI(C 6ü), the S, state has 
B2 symmetry, the v6 mode has E 2 symmetry and, hence, 
the 6 1 excited state has E x symmetry. The S 0 ground state 
has A j symmetry, of course. The vibronic 6  ^ transition
changes the vibronic angular momentum along the sym­
metry axis, for which we use the symbol /6 as in Ref. 1, by 
± 1 .  Excitation in combination with a van der Waals 
stretch mode ( s 1 of A l symmetry) leads to the same selec­
tion rules as the pure vibronic transition and, hence, to the 
rotational structure corresponding with a perpendicular 
transition. The van der Waals “bending” fundamental b l 
has E x symmetry ( / =  db 1 ). According to the PI(C 6y) 
product rules, its combination with the E x vibronically ex­
cited state leads to states of A lf A 2, and E 2 symmetry (with 
/6-h/ = 0 , 0 ,  and ± 2 ,  respectively). Only the ^j state (with 
/6 +  / = 0 ) yields allowed, parallel, transitions from the 
ground state. Finally, it is relevant to discuss the bending 
overtone b . This mode leads to states of A x (with / = 0 )  
and E 2 (with l = ± 2) symmetry which are split by the 
anharmonic intermolecular potential. The A l state com­
bines with the vibronically excited E x state to a state of is, 
symmetry, which can be reached by perpendicular transi­
tions. The E 2 state (with l = ± 2) combines with the vi­
bronic state ( l6= dh 1) to 2?j, B2, and E x states (with /6 +  / 
=  ±  3 and ±  1 ). Only the latter state can be dipole excited, 
again by the perpendicular components. We will return to 
these considerations when discussing the assignment of the 
experimental UV spectra.
IV. INTERMOLECULAR POTENTIAL AND 
COMPUTATIONAL ASPECTS
The calculations are based on two different A r-  
benzene potentials which are taken from Ref. 8. Both have 
been fitted to ab initio calculations.7 The first fit, called 
“global,” 8 is an atom-atom potential:
6
I
/=1
c N
a
r ArC
a2aA^3 ' 
ArC.
+ I
/=1
a Ci \
N
rArH
c
r ArH
(21)
with the parameters given in Table III. The second poten­
tial, named “Morse type,” 8 is a more local expansion of the 
potential in terms of the displacements (x,y,z) = d  — de 
about the equilibrium structure at de=  (0,0,7^),
yint(d) = k xx{x1+ y1 ) + kx:aw (x 1+ y1) + k zzw2- D e , (22)
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T A B L E  III. Parameters in the intermolecular potentials from Ref. 8.
“ Global” potential, Eq. (21 )
a, =  83.594 c m -1 C, =  2.808 A
a 2 =  8065.714 C2 =  3.685 A
^3 =  41.354 96 C3 =  0.361 c m " 1 Â 6
û4=118.2612 
N =  13.31
C4 =  2.71 A
C6H 6 geometry: rc c =  1.406 A 
rCH =  1.080 Â
“ Morse” potential, Eq. (22)
A'xt= 7 4  c m " 1 A -2 0 = 1 .4 8  A -1
kXX2= —79 c m -1 A “ 2 R ,=  3.553 A 
De= 425 c m " 1ka = 405 c m -1
with w =  1 — exp( — az) and the parameters also given in 
Table III. The “Morse” potential has its minimum at R e 
=  3.553 À, well depth Dc= 425 c m -1 , the “global” fit at 
R e=  3.56 A, well depth De=  393 cm - 1 . The ab initio cal­
culations7 have been performed for the ground electronic 
state S 0 of the benzene monomer, with no intramolecular 
vibrations excited. So, all the calculated rovibrational 
states apply to that situation. When the calculated results 
are used to discuss the UV spectra, it is in fact assumed 
that the van der Waals modes and the overall rotations of 
the Ar-benzene dimer are decoupled from the internal mo­
tions of the benzene monomer and, moreover, that the 5 ,  
state of benzene, with its v6 mode excited, leads to an 
Ar-benzene potential which is not very different from the 
ground state potential. This is confirmed by the experimen­
tal evidence1 that the structures of Ar-benzene in the 
ground state and in the 6 1 excited state are similar. The 
symmetry of the excited benzene state is only taken into 
account in the selection rules.
For the three-dimensional harmonic oscillator basis
used for the eigenstates of / / vib it is found that cox=coy= 6 
1 1 • cm and <y,= 34 cm are the best variational parame­
ters. The size of the basis (dimension 440) is given by
k max =  !max =  9 and w max =  7, with the restriction that 
& +  /<9. The latter restriction is imposed to make the space 
spanned by the basis invariant under the symmetry group 
P I(C 6i;). It was checked by extension to k max = lmax= \0  
and m max =  8 that this basis is sufficiently large to ensure 
convergence of all the calculated properties. The frequen­
cies of the lower vibrational levels have converged to 
within 0.01 cm - 1 , those of the higher levels to about 0.1 
c m “ 1. The grid of 2 4 x 2 4 x 2 4  points in the Gauss-  
Hermite quadrature12 of the potential matrix elements is 
more than sufficient. For the masses of Ar and benzene, we 
have used the values of 39.95 and 78.047 amu; for the 
rotational constants of benzene we have taken the ground 
state values from Ref. 3, AX= A V= 2A Z= 0 .189 762 cm - 1 . 
In the variational calculations made for J =  1 and J = 2  (see 
Sec. II C) we have included the lowest 88 eigenstates of 
H vih. But, first it was checked by second order perturbation 
theory, that the restriction to these states did not produce 
any significant deviations (less than 10 5 cm -1 for the 
lowest states to about 0.0002 cm “ 1 for the highest states) 
in the calculated rotational levels from the results obtained 
with all 440 eigenstates.
Finally, it was verified, by taking the same empirical 
atom-atom Lennard-Jones potential6 as used in Ref. 4, 
that the van der Waals frequencies agree to within 0.01 
cm -1 with the results of Brocks and Huijgen. Also, the
o
average vibrational amplitudes agree, to within 0.001 A, 
for all van der Waals states. This represents a rigorous test 
of the formalism, of the correctness of its computer imple­
mentation and of the convergence, because the method of  
Brocks and Huijgen4 is completely different from that of 
the present paper. They expressed the Hamiltonian in po­
lar coordinates and expanded the vibrational wave func­
tions in products of radial functions and spherical harmon­
ics.
V. RESULTS AND DISCUSSION
The frequencies, symmetries, amplitudes, and vibra­
tional angular momenta (/,) of the van der Waals vibra­
TA BLE IV. van der Waals vibrational energies and properties calculated with the “ global” potential (Ref. 
8) for J=  0. Equilibrium distance Re= 3.560 Ä, well depth De= 393.44 cm l. The root mean square 
displacements are defined as hd,=[(d*) — (d,):]w2.
PI (C6„)
Band 
origin 
(c m - 1 )
W
(A)
* d xO
(A)
A d  
(A)
A dz 
(A)
< 0
W n /
A\ 0.00a 3.608 0.348 0.348 0.121 0.0 0 0 0
E x 25.52 3.622 0.364 4—► 0.631b 0.123 ±  0.999 997 1 ±1 0
A\ 37.51 3.655 0.515 0.515 0.179 0.0 0 0 Ie
e 2 49.12 3.632 0.662 0.659b 0.126 ±  1.999 936 2 ± 2 0
A\ 54.89 3.660 0.564 0.564 0.173 0.0 2 0 oc
Ei 58.27 3.654 0.493 0.855b 0.168 ±  0.999 945 1 ±1 1
Bi 70.72 3.637 0.799 0.799 0.130 0.0 3 ±3 0
Bi 71.08 3.638 0.794 0.794 0.129 0.0 3 ±  3 0
A i 71.20 3.686 0.687 0.687 0.212 0.0 0 0 2°
aZ)0= 342.47 c m -1 .
^These numbers are interchanged for the other substate in the degenerate pair.
cThe approximate quantum numbers n and nz are ill-defined in this case, because these states are strongly 
mixed.
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TA B LE V. van der Waals vibrational energies and properties calculated with the “ Morse” potential (Ref. 
8) for 7 = 0 .  Equilibrium distance R L,= 3.553 A, well depth Z>,.=425.00 c m -1 .
P I (C 6l,)
Band 
origin 
(c m - 1 )
W
(A )
A dxo
(A )
A dy
(A)
A dz 
(A )
W
(*) n /
A\ O.OO3 3.594 0.320 0.320 0.121 0.0 0 0 0
30.17 3.605 0.321 0.557b 0.123 ± 1 .0 1 ± 1 0
A I 41.03 3.651 0.385 0.385 0.197 0.0 0 0 Ie
Ei 60.35 3.617 0.560 0.560b 0.125 ± 2 .0 2 ± 2 0
A t 64.39 3.627 0.519 0.519 0.147 0.0 2 0 0C
Ei 68.45 3.660 0.370 4-* 0.642b 0.194 ± 1 .0 1 ± 1 1
Ai 79.35 3.710 0.451 0.451 0.254 0.0 0 0 2°
Bi 90.50 3.629 0.651 0.651 0.127 0.0 3 ± 3 0
Bi 90.50 3.629 0.651 0.651 0.127 0.0 3 ± 3 0
aA )= 371 .48  c m " 1.
,vThese numbers are interchanged for the other substate in the degenerate pair.
"There is some mixing between these states, but less than with the “global” potential.
tions, calculated for the “global” and “Morse” potentials 
from Ref. 8, are listed in Tables IV and V. The (approxi­
mate) quantum numbers n, /, and nv which are also given 
in these tables, are based on the increases of the amplitudes 
in the x, y , and z directions; if the vibrations were harmonic 
the amplitude Ad, would increase as y\nr f-1/2. For some 
modes this relation is nearly satisfied, but for others there 
are large deviations which indicate strong anharmonic 
mixing. A typical example is given by the A x stretch mode 
(at 37.5 cm - 1 ) and the A x bending overtone (at 54.9 
cm 1 ) obtained from the “global” potential; in both modes 
the amplitudes in the x  and y  directions and in the z direc­
tion increase simultaneously, by almost equal amounts. So, 
these modes are in fact mixed with almost equal weights. 
From the near additivity of the frequencies and also from 
the more regular increase of the amplitudes, it follows that 
such mixing occurs to a smaller extent for the “Morse” 
potential. This can be understood, since the expansion 
which defines this potential contains no anharmonicity in 
the x  and y  directions and only the lowest term in the 
coupling of x  and y  with z. Due to the PI(C 6y) symmetry, 
mixing between the harmonic basis functions occurs only
for the same / (mod 6 ) and, in order to obtain such mixing, 
one needs terms in the potential of sixth order (in total) in 
x  and y. Also, the result that the B x and B2 modes (with 
/==b 3) stay degenerate and that the vibrational angular 
momentum (L) retains integer values is caused by the lack 
of higher anharmonic terms in the “Morse” potential. 
Hence, in that respect, the “global” potential is more real­
istic. The observation that the frequencies from the two 
potentials are different, whereas the two analytic forms 
should represent the same ab initio potential surface, indi­
cates that the fits are still not perfect. Knowing further 
that, of course, the ab initio results7,8 themselves contain 
inaccuracies, it is obvious that one may compare the cal­
culated results with the experimental spectra only in a 
semiquantitative manner.
The frequencies calculated for 7 = 0  can be compared 
directly with the values of Bludskÿ et al.,* which are ob­
tained from the same potentials, but with somewhat differ­
ent basis functions. If we include only the constant part of  
the g tensor in Eq. (11), obtained from Eq. (12) by re­
placing d by dL>, the frequencies15 agree to within 0.1 cm -1 . 
In the complete calculation, however, the frequencies dis­
TA B LE VI. Calculated rotational constants and Coriolis splitting parameters, see Eq. (17), for the van der 
Waals states from the “ global” potential (in c m “ 1).
P K Q J
Band
origin
(c m - 1 )
Perturbational Variational3
B(N) A m 2 a £ N) Bm 2 a £ N)
A\ 0.00 0.0393 0.0949 0 0.0385 0.0958 0
Ei 25.52 0.0394 0.0949 0.0412 0.0378 0.0968 0.0398
Ai 37.51 0.0386 0.0949 0 0.0371 0.0967 0
Ei 49.12 0.0385 0.0949 0.0851 0.0360 0.0979 0.0805
Ai 54.89 0.0370 0.0949 0 0.0355 0.0970 0
Ei 58.27 0.0462 0.0949 0.0430 0.0423 0.0989 0.0405
Bi 70.72 0.0514 -0 .8 1 3 9 0 0.046 0.063 0
Bi 71.08 0.0500 1.0037 0 0.045 0.137 0
Ai 71.20 0.0199 0.0949 0 0.021 0.097 0
aObtained by fitting Eq. (17) to the rovibrational levels calculated for 7 = 1  and 7 = 2 ;  accuracy of the fit 
from ±0.0001 c m -1 for the lower to ±0 .002 cm 1 for the highest levels. The splittings not reflected by Eq. 
(17), see text, are removed by taking average pair energies.
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T A B L E  VII. Calculated rotational constants and Coriolis splitting parameters, see Eq. (17), for the van der 
Waals states from the “ Morse” potential (in cm ') .
P I (C 6l.)
Band
origin
( c m - 1 )
Perturbational Variational“
B(N) A i n 2 A £ (N) B(N) A (N) 2 A £ {N)
0.00 0.0395 0.0949 0 0.0388 0.0956 0
30.17 0.0395 0.0949 0.0410 0.0382 0.0964 0.0399
A x 41.03 0.0389 0.0949 0 0.0380 0.0959 0
e 2 60.35 0.0395 0.0949 0.0835 0.0376 0.0971 0.0802
A i 64.39 0.0392 0.0949 0 0.0375 0.0968 0
Ei 68.45 0.0390 0.0949 0.0407 0.0374 0.0967 0.0394
Ai 79.35 0.0382 0.0949 0 0.0372 0.0962 0
“Obtained by fitting Eq. (17) to the rovibrational levels calculated for J=  1 and J=  2; accuracy of the fit 
±0.0001 c m -1 for all levels. The splittings not reflected by Eq. (17), see text, are removed by taking 
average pair energies.
agree by about 2 cm 1 for the lowest levels to about 7 
c m ' 1 for the higher modes. It is not clear what is the origin 
of these differences; it is shown in Eqs. (11) and (12) that 
the vibrational Hamiltonian of Eq. (9) is identical to that 
of Ref. 8. We reiterate that we have checked the saturation 
of the basis. The perfect agreement, for an empirical po­
tential, with the results obtained by the (alternative) for­
malism of Brocks and Huijgen4 (see Sec. IV) confirms the 
correctness of our results.
Tables VI and VII list the calculated rotational con­
stants B [S \  A ( A) for the various van der Waals states and 
the Coriolis splitting parameters 2 A ^ [S) of the degenerate 
£ ,  and E 2 states. The “variational” values are obtained by 
fitting the energies from rovibrational calculations for J=  1 
and J — 2 to the form of Eq. (17). The differences between 
the perturbational and variational values for the rotational 
constants are due to higher than second order contribu­
tions in the latter. Perturbation theory predicts only very 
small changes in A ('s \  except for the £ ,  and B2 states. The 
anomalous values of A ( A} for these states actually represent 
a Coriolis resonance between these levels, which pushes 
their energies apart. Second order perturbation theory 
breaks down in this case, because the energy splitting be­
tween the unperturbed B x and B2 levels (i.e., the levels 
calculated for J = 0 )  is too small. As explained in Sec. II C, 
this splitting is caused by sixth order anharmonic terms in 
the potential. Such terms are missing from the “Morse” 
potential, so the results for these levels are unrealistic with 
that potential (they are omitted from Table VII).
Although the perturbation theory yields rotational 
constants that differ from the variational values, it appears 
to be essential for the understanding of the rotational struc­
ture in the variationally calculated levels and for the as­
signment of approximate quantum numbers to the rovibra­
tional states. Equation (17) does not represent all the 
splittings, however. Some pairs of states which are degen­
erate according to Eq. (17) are also degenerate in the vari­
ational calculations for 7 > 0 ,  but other pairs are split. For 
the results calculated with the “global” potential and J =  1 
this can be observed in Table VIII. All these (additional) 
splittings can be fully understood from the group theory. 
Vibrational states of E x symmetry (1= ±  1), for example,
couple with K = ±  \ rotations (of symmetry also) to 
rovibrational states of A lf A 2, and E 2 symmetry (with l —K  
=  0 , 0 , and ± 2, respectively) and with K = ± 2  rotations 
(of E2 symmetry) to rovibrational states of 2?j, B2, and E } 
symmetry (with l —K  = ± 3  and ±1 ) .  The resulting E x 
and E 2 states remain twofold degenerate, while the A j, A 2 
pairs and the B x, B2 pairs are split (see Table VIII). This
TA B LE VIII. Energy levels from variational calculations with the “ glo­
bal” potential for J =  1, approximate quantum numbers and symmetries.
Vibration Including rotation 
Energy (degeneracy) --------------------------------------  ---------------------------
( c m - 1 ) n I nz irrep l —K  irrep
0.077 08 1) 0 0 0 A\ 0 A 2
0.134 31 2) ± 1 Ei
25.616 42
25.616 60
1)
1)
a ------
l ± 1 0 Ei 0, 0 A i» A 2
25.597 29 2) ± 1 Ei
25.696 08 2) ± 2 E,ém
37.587 95 1) 0 0 1 Ai 0 a 2
37.647 58 2) ±  1 E i
49.173 77 2) 2 ± 2 0 e 2 ± 1 Ei
49.192 21 2) ± 2 e 2
49.334 67
49.334 89
1)
1)
a
± 3 Bit B2
54.961 08 1) 2 0 0 A i 0 A 2
55.023 00 2) ± 1 Ei
58.366 06 
58.377 47
1)
1)
a
l ± 1 1 Ei 0, 0 A \ t  A 2
58.357 16 2) ± 1 Ei
58.452 84 2) ± 2 e 2
70.815 91 1) 3 ± 3 0 Bi ± 3 b 2
70.828 59 2) ± 2 e 2
71.170 03 1) 3 ± 3 0 B2Sm ± 3 B i
71.262 86 2) ± 2 e 2
71.238 24 1) 0 0 2 Ai 0 A 2
71.31744 2) ± 1 Ei
“According to Eq. (17) these states would be degenerate.
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splitting is called rotational /-type doubling.16
Finally, we discuss the assignment of the experimental 
UV spectra1-3 that involve the excitation of van der Waals 
modes. Three bands have been observed, at 31.5, 40.1, and
62.9 c m - 1 , relative to the vibronic transition at 38 585 
c m -1 , and their rotational structure has been resolved.1,3 
In Refs. 1 and 2 the band at 40.1 c m -1 has been assigned 
to a fundamental van der Waals stretch vibration s 1 and the 
band at 31.5 c m “ to a bending overtone, b . In Ref. 2 it is 
believed that the band at 62.9 cm “ 1 corresponds to a 
higher bending overtone bA. In Ref. 1 this band is assigned 
to a stretch overtone s2. The large anharmonic shift be­
tween the s1 frequency of 40.1 cm 1 and the s2 frequency of
62.9 c m -1 , in combination with other experimental evi­
dence, 17 led the authors of Refs. 1 and 3 to the conclusion 
that the well depth of the Ar-benzene potential must be 
less than 140 c m “ 1, which is much smaller than the ab 
initio value of about 400 cm -1.7 Solely on the basis of the 
best agreement with their calculated frequencies, i.e., with­
out considering the selection rules and the rotational struc­
ture, Bludskÿ et al. assign the band at 40.1 cm -1 to the 
stretch s \  the band at 31.5 cm - 1 to the bending fundamen­
tal b \  and the band at 62.9 c m -1 to the bending overtone 
b or to a stretch-bend combination s b . The latter assign­
ment is probably incorrect, because the rotational structure 
of the band at 62.9 c m “ 1 is well understood1 and it has 
been ascribed to an excited van der Waals state of A x sym­
metry, whereas the s 1/?1 state has E x symmetry.
On the basis of the present calculations, we propose the 
following assignment. Just as all other authors, we believe 
that the band at 40.1 c m -1 , which must correspond1 to an 
excited van der Waals state of A x symmetry, is due to the 
stretch excitation s ]. Especially the calculations with the 
“global” potential indicate, however, that the s ] state is 
strongly mixed with the A x (1=0) state of the bending 
overtone b2 (with almost equal weight, see above). The A x 
state which corresponds primarily with this b2 overtone is 
found at 54.8 c m “ 1 with the “global” potential and at 64.4 
c m “ 1 with the “Morse” potential. We think that it is this 
state that corresponds with the experimental band at 62.9 
c m “ 1. Note that, for the “global” potential in particular, 
this state contains almost 50% of s 1 character, which may 
enhance the intensity of the transition. Another state of A x 
symmetry that is thought1 to be a candidate for the band at
62.9 c m “ 1, the (primarily) s2 state, is found at 71.2 c m “ 1 
with the “global” potential and at 79.4 c m “ 1 with the 
“Morse” potential. So, to our opinion, the assignment of  
the band at 62.9 c m “ 1 to the s2 excitation is less probable. 
Other bending overtones and combinations with A x sym­
metry, such as bA and s ]b2, lie even higher. The assignment 
proposed here also solves the well depth problem: the low 
frequency of the band at 62.9 c m “ 1, with respect to the 
fundamental stretch frequency of 40.1 c m -1 , does not im­
ply an extremely strong anharmonicity in the stretch di­
rection. Actually, the s2 frequencies calculated with the 
two potentials, 71.2 and 79.4 cm \  are almost twice the s 1 
frequencies, 37.5 and 41.0 cm “ 1. According to the calcu­
lations, the A x bending overtone, b2, contains strong stretch 
character, which makes the proposed assignment consis-
TA B LE IX. Measured rotational constants of A r-benzene.1
Assignments 
from Ref. 1
B
( c m - 1 )
A
( c m - 1 )
G round state
6i state (38 585 c m - 1 )
60 s' state ( +40.1 cm 1 ) 
6j sr state ( +  62.9 c m - 1 ) 
6q b1 state (4-31.5 c m - 1 )
0.039 402 6 
0.040 090 
0.039 149 
0.038 331 
0.039 202 6
0.094 880 9 
0.090 866 
0.091 203 
0.092 211 
0.090 880 9
tent also with the observed changes in the rotational con­
stants; see Table IX.
The rotational structure of the band at 31.5 cm -1 has 
not been quantitatively explained yet.1 This band has been 
assigned in Ref. 1 to a combination of the j ( / = 0 ) and E2 
( l = ± 2) states that originate both from the b2 bending 
overtone, with zero splitting between these states. How­
ever, in all calculations, with the “global” and “Morse” 
potentials and with the older empirical potential,4 these A x 
and E 2 states are split by the anharmonicity by about 5 
cm “ 1. Moreover, the frequencies of these states lie around 
50 cm 1 for the “global“ potential and around 60 cm “ 1 for 
the “Morse” potential, which is substantially too high. The 
frequency of the bending fundamental b ] state is much 
closer to 31.5 c m “ 1: it is 25.5 and 30.2 cm 1 for the “glo­
bal” and “Morse” potentials, respectively. The b ] state of 
E x symmetry, in combination with the vibronic 6 1 state of 
E x symmetry, leads to A x, A 2, and E 2 states. The A x state 
with ( /6-h/ = 0 ) can be reached by a parallel transition 
from the ground state (see Sec. III). This state has both a 
vibronic angular momentum l6= ±  1 and a van der Waals 
vibrational angular momentum / =  ±  1. In a calculation of 
the rotational structure one should include three different 
Coriolis couplings:
( 1 ) The coupling of the vibronic angular momentum 
with the overall rotation, =f 2A': '^cffK f with A', 
= 0.090 866 c m “ 1 and =  —0.5869 for the pure vi­
bronic state.1
(2) The coupling of the van der Waals bending vibra­
tion with the overall rotation, which is given by the last 
term in Eq. (17) and the appropriate coupling parameters 
from Tables VI and VII for the pure van der Waals bend­
ing mode.
(3) The coupling between the vibronic and the van 
der Waals vibrational angular momenta.
All these couplings are given in Eqs. ( 8 ) and (10): IT 
represents the vibrational (in this case, vibronic) angular 
momentum of the benzene monomer, 1 the van der Waals 
vibrational angular momentum, and J the overall rotation. 
The cross terms between these operators in Eqs. ( 8 ) and 
(10) yield the three Coriolis couplings to first order. 
Higher order contributions modify the effective coupling 
constants, but they also cause further splittings (see Table 
VIII) which are not reflected by Eq. (17). These effects are 
called vibrational and rotational /-type resonances and 
/-type doubling.16 These additional couplings, which occur 
for the degenerate van der Waals states of E x and E 2 sym-
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metry (as explained above), have not been taken into ac­
count in the fit of the experimental spectrum. 1 This might 
be the reason why the rotational structure of the band at 
31.5 cm -1 could not be quantitatively explained in Ref. 1.
VI. CONCLUSIONS
The rovibrational van der Waals states of the A r-  
benzene dimer have been calculated from two different an­
alytic fits8 of the same ab initio potential surface.7 From the 
deviations of the results for these two representations of the 
same potential, but also from the still inevitable approxi­
mations in the ab initio calculations, it is clear that one 
may not expect to calculate the spectra1-3 with experimen­
tal accuracy. The theory and the computations yield the 
full rotational structure of these spectra, however, with 
values for the rotational constants and rovibrational cou­
pling parameters that are probably good starting values in 
fits of the experimental data. Moreover, they predict some 
additional rovibrational splittings that, hitherto, have not 
been taken into account. A partially new assignment of the 
bands observed at 31.5, 40.1, and 62.9 c m “ 1 is proposed. 
Reasonable agreement between these frequencies and the 
calculated values is obtained for this assignment. The “glo­
bal” potential appears slightly too soft. The “Morse” po­
tential lacks some anharmonicity in the x and y  directions, 
which produces artificial degeneracy of some higher bend­
ing levels. We think that, on the basis of the information 
presented in this paper, it is worth trying a new fit of the 
experimental high resolution spectra.1,3 In such a fit it 
would be helpful to use the intensities too, but, as the 
observed transitions are in the UV, this requires the knowl­
edge of the effect of the Ar atom on the vibronic transition 
dipole moment of benzene, as a function of dxi d v„ and dr  
If the proposed assignment turns out to be correct, it can
*7 o
be concluded that the ab initio potential ’ is fairly accu­
rate. If it would turn out to be incorrect, it follows, since 
the rovibrational calculations are very precise, that this 
potential should be substantially modified.
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